The quantification of early retinal ganglion cell damage in ocular hypertension and glaucoma. METHODS. Thirty subjects under treatment for open-angle glaucoma, 23 subjects with ocular hypertension, and 28 healthy subjects in a control group were investigated by monocular pattern electroretinogram (ERG), L&M (long and medium wavelength) cone ERG, and S (short wavelength)-cone ERG. The diagnosis of glaucoma was based on masked assessment of digital stereoscopic optic nerve head images by three glaucoma specialists. The optic nerve head and retinal nerve fiber layer was assessed by scanning laser ophthalmoscopy and optical coherence tomography. RESULTS. All types of ERG had reduced mean amplitudes in ocular hypertension and open-angle glaucoma groups compared with the control group. In the ocular hypertension group, the N95 and the L&M-pathway photopic negative response (PhNR) were significantly attenuated (by 19% and 18% compared with the control group, respectively; by 30% and 22%, respectively, in the open-angle glaucoma group compared with the control group). In the subjects with open-angle glaucoma, the pattern ERG P50-N95 was found to be the most sensitive electrophysiological test, and the cup-disc area ratio, when examined by scanning laser ophthalmoscopy, was the most sensitive imaging parameter. Modest but not statistically significant correlations were found between the imaging and electrophysiologic parameters. CONCLUSIONS. With disc appearance used for the classification of open-angle glaucoma and ocular hypertension, significant electrophysiological losses were found in both conditions. The modest correlation between the structural and electrophysiological measures suggests that these assess different aspects of the pathologic process; electrophysiology can be used to quantify retinal ganglion cell dysfunction that occurs before cell death. (Invest Ophthalmol Vis Sci.
T
here is now compelling evidence that, in glaucoma, retinal ganglion cells undergo a prolonged period of dysfunction and degeneration before cell loss. [1] [2] [3] [4] [5] These changes are manifested structurally as remodeling and pruning of the dendritic tree 1, 3, 4 and functionally as a reduction in neuronal sensitivity. [2] [3] [4] [5] [6] On their own, these changes would generate a discrepancy in clinical measures of the relationship between visual field loss and changes in retinal structure similar to those reported. [7] [8] [9] [10] Electrophysiological measurements from retinal ganglion cells in experimental glaucoma show reduced responsivity in both the spatial and temporal domains. 2 It is likely therefore that these changes underlie the reduction in sensitivity in glaucoma, but further confirmatory work is needed.
Studies have shown that neuroretinal rim loss occurs before visual field loss [7] [8] [9] [10] and that visual field loss correlates better with ganglion cell loss in the more advanced stages of glaucoma. 10 One explanation for the apparent nonlinear relationship between structure and function is that it is an artifact resulting from the logarithmic (decibel) scaling of the visual field. A linear relationship is found between the 1/lambert differential light threshold and the temporal neuroretinal rim area. 11 These observations do not exclude the possibility that reductions in sensitivity also reflect cell dysfunction as well as cell loss, 2, 4 which would imply a discrepancy between structure and function.
The discrepancies between clinical measures of structure and function depend on the particular measures being compared and their sensitivity and specificity. It would be expected that at the molecular level, the structure and function would be highly correlated. Therefore, with higher-resolution tools and comparable scales of structure and function a perfect correlation may be achieved.
We reasoned that a more sensitive measure of retinal ganglion cell integrity would be provided by electrophysiological measures of retinal ganglion cell function (pattern electroretinogram; PERG), [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] photopic negative response (PhNR) 28 -32 ) compared with other functional (perimetric) or structural measures. If this is the case, we would expect to find reductions in electrophysiological responses in eyes that are predisposed to retinal ganglion cell loss and in eyes with early structural damage, but with little in the way of visual field loss. We have used complimentary measures of retinal ganglion cell function (PERG, L&M [long and medium wavelength]-and S [short wavelength]-pathway PhNR). Although these measures are sensitive indicators of neural damage, they relate to different pathways and to different areas of the retina. We included an assessment of the integrity of the S-pathway in view of the reported sensitivity to glaucoma. 31, [33] [34] [35] [36] In this study, we tested the hypothesis that electrophysiological defects are present in the retina in patients with early structural damage and little or no perimetric loss. Data in support of this would be consistent with a sequence of retinal ganglion cell damage similar to that reported in experimental models of glaucoma.
Patients with Open-Angle Glaucoma and OHT
Patients were recruited from the eye clinics at the University Hospital of Wales (Cardiff, UK). All patients underwent a routine clinical examination including optic nerve head assessment by slit lamp binocular indirect ophthalmoscopy, gonioscopy, perimetry (Humphrey Field Analyzer, Program 24-2 and SITA Fast Algorithm), and Goldmann applanation tonometry. Intraocular pressure measures were not corrected for corneal thickness. Stereophotographs of the optic nerve head were obtained with a stereoscopic fundus camera (3Dx; Nidek Inc., Pasadena, CA). All patients had normal color vision (Ishihara plates) and visual acuity of 20/30 or better in both eyes. Exclusion criteria were history of ocular (including refractive) surgery, other ocular diseases, use of systemic steroids or ␤-blockers, and a mean deviation (MD) greater than Ϫ6 dB. All participants in the study were in good general health. One eye was included in the study, and the nondominant eye was chosen if both eyes were eligible.
Digitized disc images of all participants were viewed stereoscopically with an IBM-compatible computer with a quad-buffered display and Z-screen (Stereographics Corp., San Rafael, CA). The optic nerve head status of each subject was assessed in a masked fashion by a panel of three ophthalmologists trained to fellowship standard in glaucoma (with agreement defined as two of three). The subjective assessment was based on standard clinical criteria for the diagnosis of glaucomatous damage, which included the presence of vertical saucerization, focal thinning (notching), and vertical asymmetry of the neuroretinal rim, loss of physiological rim shape, disc margin hemorrhage(s), and peripapillary atrophy. 37 Classification of the subjects was made according to the stereoscopic optic nerve head images and untreated intraocular pressure. Subjects were grouped in the following manner: (1) open-angle glaucoma if glaucomatous optic neuropathy was present and the untreated IOP was Ͼ21 mm Hg; (2) ocular hypertensive if the optic nerve head appeared healthy and the untreated IOP was Ͼ21 mm Hg (on at least two consecutive occasions); and (3) control if the optic nerve head appeared healthy and the IOP Ͻ 21 mm Hg.
Healthy Subjects
An age-matched group of healthy subjects was recruited from friends or spouses of the patients attending the hospital and staff at Cardiff University. Inclusion criteria were visual acuity of 20/30 or better, intraocular pressure of less than 21 mm Hg, no ophthalmic disease, and no family history of glaucoma in a first-degree relative. Perimetric status was examined (Humphrey Field Analyzer, Program 24-2 and the SITA Fast algorithm; Carl Zeiss Meditec, Inc.). All subjects had undergone perimetry on at least one occasion. One eye was included in the study; the nondominant eye was chosen if both eyes were eligible.
Electroretinography
PERGs and ERGs were recorded monocularly. DTL electrodes were placed in the lower fornix and a 9-mm silver electrode placed close to the outer canthus for an ipsilateral temporal reference. A silver electrode at the midfrontal position, served as the ground. The unstimulated eye was patched throughout the recordings. PERGs were recorded with a 19-minute black-and-white checkerboard pattern stimulus, reversing four times per second (square wave reversal) at a 95% contrast. The stimuli were generated on a monitor subtending 24°ϫ 16°at a viewing distance of 80 cm. The stimuli covered the whole screen, which was 35-cm wide and 27-cm high. 31 Each patient was refracted and viewed the checkerboard with an appropriately adjusted refractive correction. The pupil was then dilated to a minimum diameter of 7 mm with 2.5% phenylephrine and either 0.5% or 1% tropicamide. The L&M-pathway ERG was recorded to a 5-ms flash of red light (650 nm) at 50 cd ⅐ m Ϫ2 on a continuous blue background (450 nm) at 2.7 cd ⅐ m Ϫ2 (Ͼ2000 scotopic trolands), with a miniature Ganzfeld stimulator containing colored LEDs. 31 The responses were recorded at a frequency of 1.8 Hz. The S-pathway ERG was recorded with a silent substitution technique. 31 To achieve photometric balance, blue light (450 nm, 24 cd ⅐ m
Ϫ2
) and green (535 nm) light were superimposed and flickered at 33 Hz on a red (650 nm) continuous background. The luminance of the green light was then adjusted until the patient no longer perceived the flicker. At this frequency, rods and S-cones do not contribute significantly, and the balance is presumed to correct for the M-cones. When the frequency is reduced to 1.67 Hz, the S-cones respond, and the M-cones remain silent. The L-cone response is suppressed by the continuous red background at 108 cd ⅐ m Ϫ2 and the rod response is saturated at the intensities used (Ͼ2000 scotopic trolands).
Optic Nerve Head Imaging
The OCT uses low-coherence interferometry to provide measures of retinal thickness. Three circular scans with a radius of 1.74 mm centered on the midpoint of the optic nerve head were acquired by OCT (Humphrey OCT Model 2000 with software version A5.0; Carl Zeiss Meditec, Inc.). 38 The OCT provides 100 axial scans along the scan profile line, and the image acquisition was achieved in approximately 1 second per scan. An arbitrarily color-coded image is generated from which estimates of the global retinal nerve fiber layer (RNFL) and the global full retinal thickness (FRT) are made by proprietary algorithms. Global measures are the average of the 100 points along each circular scan.
Three 10°images centered on the optic disc were acquired (Heidelberg Retina Tomograph [HRT]; Heidelberg GmbH, Heidelberg, Germany). 39 The HRT uses a 670-nm wavelength diode laser and a confocal imaging system to provide topographic measures of the optic nerve head and peripapillary retina. The acquisition time for each image was approximately 1.67 seconds. Off-line, the HRT software aligned the three images and created a mean topographic image for further analysis. A contour line was then manually placed along the optic nerve head margin as defined by the location of Elschnig's ring. From this, topographic parameters including the disc area; cup depth, area and volume; neural retinal rim area; and RNFL thickness were calculated (HRT software version 2.01b; Heidelberg Engineering) according to the standard reference plane by a research optometrist (AJ). All these parameters provide information about the disc structure and take into account the three-dimensional shape of the neuroretinal rim and optic cup.
Data Analysis and Statistics
All electrophysiology traces were characterized by two negative and one positive deflection in the order N1, P1, and N2 (Fig. 1) . The PERG P50 was measured from N1 to P1, the P50-N95 from P1 to N2, and the N95 from baseline. The a-wave (N1) of the L&M-and S-pathway ERGs was measured from the baseline, the b-wave (P1) from baseline, and the PhNR from baseline to N2 and also from P1 to N2 (peak to peak). Between-subject group comparisons were made with either the Student's t-test or the Mann-Whitney U test, depending on the distribution of the data. A receiver operating characteristic (ROC) analysis was performed for each test to determine the area under the ROC curve (SPSS V11.0 software; SPSS Inc., Chicago, IL).
RESULTS
Subject characteristics are shown in Table 1 with all subjects classified as open-angle glaucoma, OHT, or control, according to optic nerve head appearance and untreated IOP. The openangle glaucoma group comprised 30 subjects (14 men and 16 women); the OHT group, 23 subjects (13 men and 10 women); and the control group, 28 subjects (12 men and 16 women).
All subjects in the open-angle glaucoma group and 11 of the OHT subjects were receiving oculohypotensive therapy. Compared with the control group, the IOP was significantly higher in the open-angle glaucoma and OHT groups and the visual field indices were significantly different in the open-angle glaucoma group.
Electrophysiology
ERG amplitudes are summarized in Table 2 . There were no significant differences in the implicit times of the various ERG components for either the open-angle glaucoma or OHT groups compared with the control subjects, and therefore they have not been included. Both groups showed reduced amplitudes for each ERG when compared to the control group.
Pattern ERG. The N95 amplitude was significantly reduction in the OHT group, but the P50-N95 provided slightly better discrimination from the controls with an ROC area of 0.70.The open-angle glaucoma subjects showed significantly smaller PERG amplitudes compared to the control subjects. Although there was similar attenuation of both the P50 and N95, the P50-N95 amplitude provided the best discrimination between the groups with an ROC area score of 0. 
Imaging
A summary of the imaging data is shown in Table 3 . All HRT parameters (except RNFL thickness, disc area) were significantly different between the open-angle glaucoma and the control group. No significant differences were found between any of the parameters of the OHT and control group. The OCT global RNFL thickness was significantly reduced in the openangle glaucoma group compared with the control group. Global FRT was significantly reduced in both the open-angle glaucoma and OHT group (Fig. 2) .
Effect of Oculohypotensive Treatment in OHT
Of the 23 subjects with OHT, 11 subjects were being treated with pressure-lowering topical drops. The IOP was 24.81 mm Hg (SEM 0.78) and 19.17 mm Hg (SEM 1.52) in the untreated and treated groups, respectively. There were no significant differences between the imaging parameters in either the treated or untreated group compared with the control group. None of the electrophysiological parameters was reduced in the treated group, but the PERG N95, P50-N95 and L&M-pathway PhNR were significantly reduced in the untreated group compared with the control group ( Table 4) .
The correlation between the imaging and electrophysiological parameters are shown in Table 5 . When ERG parameters were compared, the highest correlation found was between the PERG P50-N95 and the L&M-pathway PhNR (r ϭ 0.453, P ϭ 0.00002). Bold data indicate a significant difference versus the control group (P Ͻ 0.05).
DISCUSSION
The major finding of our study is that there was a deficit in electrophysiological measurement of ganglion cell function in subjects with OHT. In addition, we found deficits in the bipolar and ganglion cell function in patients with early open-angle glaucoma with no or minimal visual field loss.
The mean amplitudes of all the electrophysiological parameters were reduced in both the OHT and open-angle glaucoma group compared with the control group. Of the 11 parameters measured, the majority (7/11) were significantly reduced in the open-angle glaucoma group compared with those in the OHT group (2/11). In the OHT group, the N95 was the only significantly attenuated PERG parameter, with a 19% reduction compared with 30% in the open-angle glaucoma group. The L&M-pathway PhNR was also significantly attenuated, being reduced by 18% compared with 22% in the open-angle group. A similar reduction of the PhNR amplitude has been reported by our group, using a long-duration flash (200 ms). 32 These findings are consistent with less damage or dysfunction in the OHT group than in the open-angle glaucoma group.
In the open-angle glaucoma group, the PERG P50-N95 amplitude was statistically the most affected electrophysiological parameter that provided the greatest discriminatory power. This result is not surprising, as the PERG has been shown to be sensitive to diffuse loss, and it has been hy- pothesized that open-angle glaucoma commences with a diffuse defect. 40 Although other studies have shown higher discriminatory values, these differences may be explained by the more advanced nature of the glaucoma of the subjects who participated, with mean MDs being Ϫ4.04 dB 20 and Ϫ3.22 dB 32 compared with Ϫ1.89 dB in the present study. In agreement with previous studies, the most significantly affected flash ERG parameter was the PhNR of the brief-stimulus L&M-pathway flash ERG. 28, 29 The significant attenuation of the L&M-pathway ERG b-wave implies that there may damage to the bipolar cells in the distal retina. Further evidence of bipolar dysfunction is provided by the OCT measurements and a recent histologic analysis in human glaucoma reporting neuronal loss in the outer retinal layers. 41 The b-wave deficits for the L&M-and S-pathways are nearly identical with those of the PhNR. This finding is contrary to that of Viswanathan et al. 29 who found that the b-wave was not significantly reduced in patients with open-angle glaucoma. However, similar deficits in these electrophysiological measures have been previously reported by our group 31 and both studies have found the b-wave to be less sensitive than the PhNR in distinguishing healthy from glaucomatous eyes. This topic requires further investigation to understand the differences reported.
A significant reduction was found of both the RNFL thickness and the FRT (full retinal thickness) of the open-angle glaucoma group as measured by the OCT, the percentage difference in each parameter being approximately the same. There is some debate as to the accuracy of the OCT measurement of RNFL thickness. Compared with histologic measurements made from postmortem human eyes, 42, 43 the OCT consistently underestimates RNFL thickness. 44 Nevertheless, our results imply a reduction of retinal thickness that may occur not only due to a loss of retinal ganglion cells and their axons, but also due to a loss of other retinal cells and/or their processes. There may be a loss of the somas in the retinal ganglion cell layer and thinning of the inner plexiform layer. In this study, we were primarily interested in the imaging of the RNFL of the peripapillary area; however, for more reliable measures of the retinal ganglion cell layer and other layers, the parafoveal area should also be imaged. The S-pathway PhNR was reduced in open-angle glaucoma, which agrees with findings in other studies of S-cone dysfunction. 31, [33] [34] [35] This result suggests that the defects of the bluesensitive mechanism occur at a later stage of the disease process when ganglion cell death is present and is supported by the fact that SWAP (short-wavelength automated perimetry) results correlate with RNFL thickness measured by OCT in patients with glaucoma. 45 A nonsignificant reduction was found for the S cone b-wave and PhNR for the OHT group compared with the control group, contrary to the findings of our previous study. 32 The reduction of the mean amplitudes for the b-wave and PhNR was 22% and 30% 32 compared with 36% and 27%, respectively.
The highly significant correlation of the PERG P50-N95 with the PhNR suggests a common origin for these potentials, which is in general agreement with previous studies. 31, 32, 46 The highly significant correlations found between the imaging parameters, PERG amplitudes, and the L&M-pathway PhNR imply a reproducible relationship between optic nerve head tomography and retinal function. However, the modest correlation coefficients (max r ϭ 0.37) suggest that this may not be a linear relationship. These findings of modest correlation coefficient in patients with OHT or early stages of glaucoma are in agreement with previous studies. 47, 48 Higher correlation coefficients (r Ն 0.60) have been found in open-angle glaucoma with more advanced visual field loss. 49, 50 The lack of strong correlation coefficients found in our study (r Ͻ 0.50 for all) between the ERG and imaging parameters is not surprising. This weak correlation applied in particular to the subjects with OHT in whom attenuation of ERG amplitudes indicated depressed retinal function in the absence of significant changes in optic nerve head tomography (it is interesting to note that FRT was reduced). If these changes in retinal function were caused by ganglion cell dysfunction 4 rather than cell death, then it is unlikely that optic nerve head changes would be apparent, since these changes can occur with preservation of the retinal ganglion cell axon. 51 Our findings are consistent with a report that the reduction in retinal function (assessed by the PERG) for the central visual field exceeded that expected from loss of retinal ganglion cells (as assessed by OCT). 52 Although our data are consistent with cell dysfunction, we cannot rule out retinal ganglion cell loss that is undetectable by HRT-and OCT-based structural measures. Since glial tissue can remodel in response to axon loss, it can provide an offset to any detectable reduction in RNFL thickness. 53 The use of higher resolution imaging techniques such as ultrahigh resolution OCT may resolve this issue. 54 An intriguing finding is that subjects with treated OHT did not show any difference in electrophysiological parameters when compared with control subjects. By contrast, patients with untreated OHT showed significant differences, as measured by PERG and PhNR. These observations raise the possibility that some of the deficits associated with OHT are reversible, and hence longitudinal studies in patients with OHT before and after treatment are needed for confirmation.
The highly significant correlation between ERG amplitudes and imaging parameters combined with only modest correlation coefficients supports the view that structural changes to the optic nerve head and the attenuation of ERG parameters are occurring at different points in the pathologic process. Our data are consistent with the hypothesis that retinal ganglion cell dysfunction occurs before retinal ganglion cell death. Bold data indicate a significant correlation (P Ͻ 0.05).
